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Interestingly, details of the modes of reactions of the 
various typea of metal-centered radicals with alkyl halides 
appear to differ somewhat from that proposed here for the 
[$-C5H6Cr(C0)& system; a mechanistic investigation of 
the latter is underway? 
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Extended Hiickel calculations on carbynyl cation (CR+) bridged binuclear transition metal complexes 
show that the reactivity is controlled by the LUMO of these compounds. These compounds fall into two 
categories according to whether or not the compound is isolobal with the cyclopropyl cation. Complexes 
such as (CO)CpFe(p-CH)(p-CO)FeCp(CO)+, Cp(CO)2Mn(p-CR)ptL2+, and (CO)SW(~-CR)P&+, which are 
isolobal to the cyclopropyl cation, have a carbon-based p orbital as the LUMO. They are reactive toward 
the incoming nucleophiles at the carbon center. On the other hand, cationic complexes such as CpRh- 
(p-CR)(F-CO)RhCp+ and Cp(CO)zW(p-CR)AuL+ do not have a carbon-baaed LUMO and are expected 
to be unreactive toward nucleophiles. A least motion path for the hydrocarbation reaction is studied. Many 
potential candidates for the hydrocarbation reaction are suggested. 

Introduction 
Reactions occurring at bridging hydrocarby1 ligands have 

been the subject of great interest from both experimental 
and theoretical points of view because of their potential 
catalytic activity.' The chemistry of the compounds with 
a carbyne (CR) bridging two transition metals, 1-3, is of 

R 

k 
1 2 3 

special interest2 as a model for the Fischer-Tropsch syn- 
thesis.% Compounds represented by 2 are reactive at the 
metal center.% Compounds of type 3 are reactive either 
a t  the M=C double bond without any loss of ligands or 
at M' after the loes of a ligand.2b In 2 and 3, the carbyne 
is considered as a three-electron donor. But a CR+ bridge, 
as in 1, can contribute only two electrons to the complex 
formation. These two participate in regular M-C u bonds. 
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Scheme I 
5 '  Et . 
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\./ \J 

b b 
4 5 

The unsaturation at the carbon center, indicated by p- 
itive charge, leads to unusual reactivity, and a theoretical 
study of the system is presented in this paper. 

In general, compounds of type 1 are prepared via five 
different routes: (1) protonating vinylidene-bridged bi- 

(1) Important reviews dealing with the bridging CR unite: (a) Connor, 
J. A. Organomet. Chem. 1976, 6, 246. (b) Evans, J. Annu. Rep. Prof. 
Chem., Sect. A., Znorg. Chem. 1979, 76,190. (c) Holton, J.; Lappert, M. 
F.; Peace, R.; Yarrow, P. 1. W. Chem. Rev. 1988,83,135. (d) Stone, F. 
G. A. Inorganic Chemistry Towards 21st Century. Chiahlom, M. H., Ed. 
ACS Symp. Ser. 1983, No. 211, 383. (e) The Chemistry of Bridging 
Hydrocarby1 Ligmde, a Symposium-in-Print. Chisholm, M. H., Ed. 
Polyhedron 1988,7,757-1052. 

(2) (a) Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1982,21,117. 
(b) Stone, F. G. k Angew. Chem., Int. Ed. Engl. 1984,23,89. (c) J e d ,  
E. D.; Prasad, B. V. J. Am. Chem. SOC. 1987,109,2560. Prasad, B. V. 
Ph.D. Thesis, University of Hyderabad. (d) Bruice, M. I. Chem. Rev. 
1991, 91, 197. 
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CR+-Bridged Transition-Metal Complexes 

metallic compounds,3 (2) deakylating (or dealkoxylating) 
carbene-bridged binuclear transition metal complexes.4 (3) 
reaction of alkylidyne cations L,M+R+ with low-valent 
metallic specie815 (4) reaction of metalhaIlene with cationic 
metallic fragments,6 and (5) protonation of 1,l-di- 
dehydrocyclopropane bridgea.' Some compounds in which 
the R group (e.g. NHMe) of the bridging CR+ unit is 
electron donating are also known.8 Many compounds of 
type 1 are shown to be reactive toward nuc le~ph i l e s .~~~~  
The reactive center is always the carbynyl carbon,*14 
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(3) (a) Lewis, L. N.; Huffman, J. C.; Caulton, K. G. J. Am. Chem. Soc. 
1980,I02,403. (b) Nitay, M.; Priester, W.; Roeenblum, M. J. Am. Chem. 
SOC. 1978, 100, 3620. (c) Colborn, R. E.; Davies, D. L.; Dyke, A. F.; 
Endsfelder, A.; Knox, S. A. R.; Orpen, A. G.; P h ,  D. J. Chem. SOC., 
Dalton Trans. 1983, 2661. (d) Burce, M. I.; Swincer, A. G. Adu. Orga- 
nomet. Chem. 1983,22,59. (e) Komwagen, R.; Alt, R; Speth, D.; Ziegler, 
M. L. Angew. Chem., Int. Ed. Engl. 1981,20,1049. (f) Knox, S. A. R. 
Pure Appl. Chem. 1984,56,81. (9) Dawkins, G. M.; Green, M.; Jeffery, 
J. C.; Stone, F. G. A. J. Chem. SOC., Chem. Commun. 1980, 1120. (h) 
Jacobson, D. B. J. Am. Chem. SOC. 1989,111, 1626. (i) Awang, M. R.; 
Jeffery, J. C.; Stone, F. G. A. J. Chem. SOC., Dalton Trans. 1988,2091. 
6) Colborn, R. E.; Davies, D. L.; Dyke, A. F.; Knox, S. A. R.; Mead, K. 
A; Orpen, A. G.; Guerchais, J. E.; Roue, J. J. Chem. Soc., Dalton Trans. 
1989,1799. (k) Mead, K. A.; Moore, I.; Stone, F. G. A.; Woodward, P. 
J. Chem. SOC., Dalton Trans. 1983,2083. (1) Davies, D. L.; Gracey, B. 
P.; Guerchais, V.; Knox, S. A. R.; Mead, K. A.; Roue, J.; Woodward, P. 
J. Chem. Soc., Chem. Commun. 1981,862. (m) Cooke, M.; Davies, D. L.; 
Guerchaie, J. E.; Knox, S. A. R.; Orpen, A. G. J. Chem. SOC., Chem. 
Commun. 1984, 841. (n) Dawkine, G. M.; Green, M.; Jeffery, J. C.; 
Sambale, C.; Stone, F. G. A. J. Chem. SOC., Dalton Trans. 1983,499. (0)  
Davies, D. L.; Dyke, A. F.; Endsfelder, A.; Knox, S. A. R.; Naieh, P. J.; 
Orpen, A. G.; Plaas, D.; Taylor, G. E. J.  Organomet. Chem. 1980,198, 
C43. (p) An example with H and CCH2+ bridges ie given in: Al-Obaidi, 
Y. N.; Green, M.; White, N. D.; Taylor, G. E. J. Chem. SOC., Dalton 
Trans. 1982,319. 
(4) (a) Kao, S. C.; Lu, P. P. Y.; Pettit, R. Organometallics 1982,1,911. 

(b) Casey, C. P.; Fagan, P. J.; Miles, W. H. J. Am. Chem. SOC. 1982,104, 
1134. (c) Caeey, C. P.; Gohdes, M. A.; Meszaroe, M. W. Organometallics 
1986,5,196. (d) Casey, C. P.; Meszaroe, M. W.; Marder, 5. R.; Sly, R. 
K.; Fagan, P. J. Organometallics 1986,5, 1873. (e) Sumner, C. E., Jr.; 
Collier, J. A.; Pettit, R. Organometallics 1982,1,1350. (f) Jacobsen, E. 
N.; Bergman, R. G. J. Am. Chem. Soc. 1986,107,2023. (g) Connelly, N. 
G.; Forrow, N. J.; Gracey, B. P.; Knox, S. A. R.; Orpen, A. G. J.  Chem. 
Soc., Chem. Commun. 1985,14. (h) L a C m ,  S. J.; Menard, K. P.; Cutler, 
A. R J. Organomet. Chem. 1980,190, C79. (i) Benyunea, S. A.; Cbaloner, 
P. A.; Hitchcock, P. B. J. Chem. Soc., Chem. Commun. 1989,1491. 

(5) (a) Howard, J. A. K.; Jeffery, J. C.; Laguna, M.; Navarro, R, Stone, 
F. G. A. J. Chem. Soc., Chem. Commun. 1979,1170. (b) Howard, J. A. 
K.; Jeffery, J. C.; Laguna, M.; Navarro, R.; Stone, F. G. A. J. Chem. SOC., 
Dalton Trans. 1981,751. (c) Becke, S. H. F.; Bermudez, M. D.; man- 
Huy, N. H.; Howard, J. A. K.; Johnson, 0.; Stone, F. G. A J. Chem. Soc., 
Dalton Trans. 1987,1229. (d) Miguel, D.; Steffan, U.; Stone, F. G. A. 
Polyhedron 1988,7,443. (e) Bermudez, M. D.; Stone, F. G. A. J. Orga- 
nomet. Chem. 1988,347,115. (f) Muller-Gliemann, M.; Hoskine, S. V.; 
Orpen, A. G.; Ratermann, A. L.; Stone, F. G. A. Polyhedron 1986,5,791. 
(g) Carriedo, G. A.; Howard, J. A. K.; Mareden, K.; Stone, F. G. A.; 
Woodward, P. J.  Chem. SOC., Dalton Trans. 1984,1589. (h) Davies, D. 
L.; Howard, J. A. K.; Knox, S. A. R.; Mareden, K.; Mead, K. A.; Morries, 
M. J.; Rendle, M. C. J. Organomet. Chem. 1986,279, C37. 
(6) (a) Lukehart, C. M.; True, W. R. Organometallics 1988, 7, 2387. 

(b) Lukehart, C. M.; Afzal, D. Organometallics 1987,6, 646. 
(7) Hod, E. L. Organometallics 1986,5, 587. 
(8) Wills, 5.; Manning, A. R.; Stephens, F. S .  J. Chem. Soc., Dalton 

Trans. 1979, 23. 
(9) (a) Casey, C. P.; Fagan, P. J.; Day, N. W. J. Am. Chem. Soc. 1982, 

104,7360. (b) Gracey, B. P.; Knox, S. A. R.; Macphereon, K. A.; Orpen, 
A. G. J. Organomet. Chem. 1984,272, C45. (c) Casey, C. P.; Crocker, M.; 
Vosejpka, P. C.; Fagan, P. J.; Marder, S. R.; Gohdes, M. A. Organo- 
metallics 1988, 7,670. (d) Casey, C. P.; Austin, E. A.; Rheingold, A. L. 
Organometallics 1987,6,2157. (e) Jeffery, J. C.; Went, M. J. Polyhedron 
1988, 7,775. 
(10) Aaee, T.; Tileet, M.; Parker, V. D. Organometallics 1989,8,1558. 
(11) (a) Casey, C. P.; Marder, 5. R; Fagan, P. J. J. Am. Chem. SOC. 

1983,105, 7197. (b) Casey, C. P.; Marder, S. R.; Adame, B. R. J. Am. 
Chem. SOC. 1986,107, 7700. (c)  Casey, C. P.; Meszaroe, M. W.; Fagan, 
P. J.; Bly, R. K.; Colborn, R. E. J. Am. Chem. Soc. 1986,108,4053. (d) 
Casey, C. P.; Fagan, P. J.; Miles, W. H.; Marder, S. R J. Mol. Catal. 1983, 
21,173. (e) Casey, C. P.; Vosejpka, P. C. Organometallics 1988, 7,934. 
(12) (a) Casey, C. P.; Fagan, P. J. J. Am. Chem. SOC. 1982,104,4950. 

(b) Casey, C. P.; M e " ,  M. W.; Marder, S. R.; Fagan, P. J. J. Am. 
Chem. SOC. 1984,106,3680. (c) Casey, C. P.; Marder, S. R.; Rheingold, 
A. L. Organometallics 1986,4, 763. (d) Casey, C. P.; Roddick, D. M. 
Organometallics 1986,5,436. (e) Casey, C. P.; Meszaroe, M. W.; Fagan, 
P. J.; Bly, R. K.; Marder, 5. R.; Austin, E. A. J.  Am. Chem. SOC. 1986, 
108,4043. (f) Casey, C. P.; Marder, S. R. Organometallics 1986,4,411. 
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Figure 1. Interaction diagram for the construction of the mo- 
lecular orbitals of [Mn(C0)2Cp]2(p-CH)+ (9; C,) from smaller 
fragments (CH+) and [Mn(CO)zCp]~, (10; CJ. 

leading to an alkylidene (Cm bridged binuclear transition 
metal complex.*14 Deprotonation at the R group in 1 
yields the vinylidene cation bridged bimetallic com- 
pound.wJo Hydrogen migration from the R group to the 
bridging carbon gives the alkenyl cation bridged complex.11 
Another interesting reaction is the hydrocarbation reac- 
tion.12 The reaction of Cp(CO)Fe(p-CH)(p-CO)Fe(CO)Cp+ 
(4) with ethylene gives an adduct Cp(CO)Fe(p-CC2Ha)(p- 
CO)Fe(CO)Cp+ (5; Scheme 1).l2 When the hydrogen on 
the carbyne bridge in 4 is replaced by any R group, such 
an adduct is not formed.12J3 

Formal electron count suggests that moet of the metallic 
fragments in complexes of type 1 are 16-electron unita An 
electron from the M-C bond makes it 17 electrons, and 
a metal-metal bond satisfies the 18-electron count. In 
some examples a r delocalization in the M-C-M frame- 
work, 6, is indicated.w An M-C double-bonded structure 
is suggested for heterobimetallic complexes 7.h The metal 
electron count does not demand either a delocalized picture 
as in 6 or an M-C double bond as in 7. Compound 8 is 

(13) Dyke, A. F.; Guerchais, J. E.; Knox, S. A. R.; Roue, J.; Short, R. 
L.; Taylor, G. E.; Woodward, P. J. Chem. SOC., Chem. Commun. 1981, 
537. 
(14) Many other references that report the reactivity of CR+-bridged 

bimetallic complexes include the following: (a) Schoroeder, N. C.; 
Richardson, Jr. J. W.; Wang, S.-L.; Jacobson, R. A.; Angelici, R. J. Or- 
ganometallics 1986,4,1226. (b) Casey, C. P.; Meszaroe, M. W.; Colbom, 
RE.; Roddick, D. M.; Milea, W. H.; Gohdes, M. A. Organometallics 1986, 
5,1879. (c) Caeey, C. P.; Konings, M. S.; Gohdes, M. A.; Meclzaroe, M. 
W. Organometallics 1988,7,2103. (d) Casey, C. P.; Austin, E. A J. Am. 
Chem. SOC. 1988,110,7106. (e) Camy, C. P.; Woo, L. K. J. Organomet. 
Chem. 1987,328,161. (f) Casey, C. P.; Koninge, M. S.; Palermo, R. E.; 
Colborn, R. E. J. Am. Chem. SOC. 1986, 107, 5296. (g) Caeey, C. P.; 
Crocker, M. 9.; Marder, S. R; Takezawa, Y. J. Organomet. Chem. 1988, 
358,347. (h) Casey, C. P.; Crocker, M.; Voeejpka, P. C.; Rheingold, A. 
L. Organometallics 1989,4278. (i) Casey, C. P.; Woo, L. K.; Fagan, P. 
J.; Palermo, R. E.; Adams, B. R. Organometallics 1987,6,447. (j) Casey, 
C. P.; KO-, M. S.; Marder, S. R. J. Organomet. Chem. 1988,346,126. 
(k) Saez, I. M.; Meanwell, N. J.; Nuton, A.; Ieobe, K.; Miguel, A. V. de.; 
Bruce, D. W.; Okeya, S.; Andrewe, D. G.; Ashton, P. R.; Johnstone, I. R.; 
Maitlie, P. M. J. Chem. Soc., Dalton Trcms. 1986,1565. (1) Amin, El. A 
E.; Jeffery, J. C.; Walter, T. M. J. Chem. Soc., Chem. Commun. 1990,170. 
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Jemmis and Racrad 

described as a complex of an alkylidyne (L , , eR)  with 
another metal fragment.15 The extent of charge on the 
carbynyl carbon is not clear here. Is there any T delo- 
calization? How can we explain the reactivity of these 
compounds? What is the electronic origin for the hydro- 
carbation reaction? 

Previous theoretical studies on these molecules have 
f d  on the electronic structure of piano-stool dimer@ 
and hydrogen migration reaction." In this paper, we 
discuss our results on the electronic structure studies on 
compounds of type 1. The fragment molecular orbital 
(FMO) approach within extended Hiickel theory is used 
to understand the molecular orbital patterns and to explain 
their reactivity. A least motion path is studied for the 
hydrocarbation reaction. 

Rssults and Discussion 
Electronic Structure of (CO)2CpMn(r-CH)MnCp 

(CO),+ (9). (C0)2CpMn(p-CH)Mn(CO)2Cp+ (9) of C2 

9 (C,) 11 

symmetry is taken as the representative example of the 
bimetallic complexes with a carbynyl cation bridge, 1. 
Figure 1 shows the interaction diagram for the construction 
of the molecular orbitals of 9 from smaller fragments CH+ 
and [Mn(CO)&p]2 (10; C2 symmetq maintdned). Details 
of the geometric and atomic parameters are given in the 
Appendix. With a d6-d6 electron count, the metallic 
fragment 10 has six of the metal d orbitals occupied. The 
HOMO-1 is a 3a (a) orbital. The LUMO is a 3b (@) orbital 
with lobes directed toward the missing ligand (CH+). 
Another orbital with directed lobes is l b  (r). The fragment 
in addition has l a  ( r ) ,2b (a), 2a (?r*), and 4a (a*) metal- 
based occupied orbitals. The availability of u and r type 
orbitals makes the fragment 10 equivalent to a distorted 
ethylene. The isolobal analogy18 also supports this idea. 

Figure 1 shows the strong interaction between the l b  
orbital of fragment 10 and the 2b orbital of CH+ leading 
to a carbon-based LUMO. The l a  orbital of CH+ slightly 
destabilizes the 3a (a) orbital of fragment 10. The 4a (a*) 
orbital of 10 is pushed high up in energy into the unoc- 
cupied region. The metal-carbon u bond formation is due 
to the interaction of 3b (LUMO) of 10 with the in-plane 
p orbital of the CH group. The 4a orbital in 9 corresponds 

(16) (a) Carriedo, C. A.; Howard, J. A. K.; Stone, F. G. A.; Went, M. 
J. J. Chem. Soc., Dalton Trans. 1984,2645. (b) Green, M.; Howard, J. 
A. K.; James, A. P.; Nunn, C. M.; Stone, F. G. A. J. Chem. SOC., Dalton 
Trans. 1987,61. (c) Baumann, F.-E.; Howard, J. A. K.; Muagrove, R. J.; 
Sherwd,  P.; Stone, F. G. A. J.  Chem. Soc., Dalton Tram. 1988,1679. 

(16) (a) Bursten, B. E.; Cayton, R. H. Ji Am. Chem. SOC. 1986,108, 
8241. (b) Buraten, B. E.; Cayton, R. H. J.  Am. Chem. Soc. 1987, 109, 
6503. (c) Buraten, B. E.; Cayton, R. H. Polyhedron 1988, 7,943. 

(17) (a) Silvestre, J.; H o f f " ,  R. hngmuir  1986,1,621. (b) Sil- 
veatre, J.; Hoffmann, R Helu. Chim. Acta 1985,68,7461. (c) Pinhae, A. 
R.; Albright, T. A.; Hofmann, P.; Hoffmann, R. Helu. Chim. Acta 1980, 
63,s. 

(18) (a) Hoffmann, R. Angew. Chem., Znt. Ed. Engl. 1982,21,711. (b) 
In the counting of electrons around the metah in fmding the isolobd 
analogs, the bridging carbonyl is considered es donating one electron to 
each metal. 

-10. 

111 

-12.c 

eU 

t 
-1 3.c 

01 

Figure 2. Interaction diagram for the construction of the mo- 
lecular orbitals of CpRh(p-CO)(p-CH)RhCp+ (13; C,) from the 
smaller fragments CH+ and CpRh(pC0)RhCp (14 (2%). 

to the M-M u bond. The l b  orbital of 9 is the bonding 
combination of the r orbital of 10 and p of carbon, which 
may support the proposed cyclic r system in the mole- 
cule.3"id However, the l b  orbital of 9 is mostly based on 
the two metals, which is cancelled by the 3a (r*) orbital. 
This indicates that the M-C-M r delocalization, if any, 
is very small and cannot be similar to the delocalization 
in 2. Metal-based M-M u, r ,  r*, 6, and 6* orbitals are 
occupied in 9, resulting in only a M-M single bond. An 
interesting aspect of this interaction diagram is the pres- 
ence of an almost pure carbon p (5b) orbital as the LUMO, 
11 (Figure 1). 9 is isolobal to the cyclopropyl cation, C3H5+. 

The reactivity of the complexes of type 1 should arise 
from this easily accessible p orbital as LUMO. The elec- 
tronic structure and reactivity of piano-stool dimers 
bridged by CH+ have been reported previously.16 It was 
pointed out that the presence of a carbon p orbital as the 
LUMO in Cp(CO)Fe&-CO)(p-CH)Fe(CO)Cp+ (4) is re- 
sponsible for ita electrophilicity. Nonavailability of a 
carbon-based p orbital as LUMO is shown to be respon- 
sible for the unreactivity of CpFe&-NO)2(p-CH)FeCp+ 
toward nucleophiles.16 In tune with this, [Mn(CO)pCp]2- 
(p-CH)+ (9) should also be highly reactive at the carbon 
center toward nucleophiles. [Mn(CO)2Cp]2(p-CMe)+ is 
found in solution as an intermediate in vinylidene inter- 
conversion on the metallic template,% indicating the high 
reactivity at the carbon center in these complexes. 
[F~(CO)CPIZ(~-CO)(~-CH)+,~~ [Fe(Co)c~l~b-co)g l -  

CCH3)+,* [Fe(CO)4]2Gc-CCH3)+,4 [RuCp(CO)]2Gc-CO)(rc- 
CMe)+,3npz [FeCp]&dmpm)(p-CO)(p-COMe)+,"' and 
[CpCo(CO)],(p-CMe)+ 4f are all isoelectronic with 9 and 
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CR+-Bridged Transition-Metal Complexes 

isolobal to the cyclopropyl cation (C3Hs+). Extended 
Htickel calculations, not detailed here, show that the 
electronic structure of these compounds is similar to that 
of 9. The LUMO of these compounds is a carbon-based 
p orbital, and most of them are reported to be reactive 
toward the incoming nucleophiles? 

Electronic Structure of (CsMe5)Rh(p-C(CsH4Me- 
4)) (pCO)Rh(CsMes)+ ( 12).4 CpRhbL-CH)gC-CO)RhCp+ 
(13) is taken as a model for 12. Figure 2 shows the in- 

b 
12 (L = CSMeS; R = C6H, Me-4) 

13 (L C& R = H; Cs) 

teraction diagram for the construction of the molecular 
orbitals of 13 (C,) from smaller fragments, CH+ and 
CpRh(pC0)RhCp (14, C%). In 14, apart from the lig- 
and-baeed orbitals (not labeled), the following metal-based 
orbitals are occupied. lbl (a), lal (61, lb, (a*), la2 (a*), 2al 
(a), 2b2 (a*), 2bl (TI, and 3al (d. The HOMO is the 3al 
(in-plane 7r orbital) between the two metals. The LUMO 
is the 3b2 (in-plane r* orbital). The 2a2 (out-of-plane u*) 
orbital is the LUMO+l. In 14, both 2al (u) and 2b2 (u*) 
are occupied, indicating the absence of any M-M u bond. 
However, there is some bonding interaction because of the 
positive overlap of metal d orbital lobes directed away from 
the M-M axis. The M-M Mulliken overlap population 
is 0.112. Two M-M xr orbitals, 2bl and 3al are occupied. 
Interaction of fragment 14 with CH+ leads to 13. The 
major interactions are between the 3b2 (r*) orbital of 14 
and the bz orbital of CH+ leading to M-C u bond forma- 
tion. The multant 3b2 of 13 is slightly pushed up by the 
interaction with the 1b2 and 2b, orbitals of 14, and the 3al 
orbital of 14 is pushed up beyond the frontier region of 
13. In contrast, the 3b, orbital of 13 is occupied. The a2 
orbitals do not find a match among the orbitals of CH+ 
and remain untouched, and 2a2 (M-M xr*)  of 14 becomes 
the LUMO & of 13. The p orbital of CH+ stabilizes the 
2bl orbital of 14. The corresponding antibonding com- 
bination 3bl is the SLUMO (second LUMO) in 13, mainly 
concentrated on the p orbital of carbon. Orbitals lal, 2a2, 
and 3al of 14 interact with the lal orbital of CH. The 
lowest of these is not shown in the diagram. The highest 
of these is very high in energy and is also not shown. All 
the bonding and antibonding interactions of the metal- 
metal axis are occupied, 1b2 @*), lbl (61, lal (a), la2 (a*) 
2al (a), 2b2 (u*), 2bl (d, and 3b2 (**I. Therefore, the 
proposed bond order of 2 for 13 cannot be true.Ig The 
extent of the bonding and antibonding interaction is not 
equal, as indicated by the M-M Mulliken overlap popu- 
lation in 13 (0.064) indicating a weak M-M interaction. 
The HOM(FLUM0 gap is large (1.72 ev), which accounta 
for the high stability of the compound." The lb, orbital 
of 13 is the bonding combination of the r orbital of 14 and 
the p orbital leading to a propod of cyclic r delocalization. 
In view of the charge, compound 12 may be expected to 
react with nucleophiles to give an alkylidene (CW bridged 
bimetallic system." Our analysis shows that the carbon- 
b a d  p orbital is the SLUMO in 13, very high in energy, 

~~ ~ 

(19) M-M bonding dietancea obrved in several compounde indicate 
single or double condition order, but the MO pattern precludes the 
powibility of an M-M bonding interaction. Examples are given in the 
following papexa (a) CpMb-NO)&Cp: Bottomly, F. Imrg. Chem. 1983, 
22,2856. (b) R.&libO)pSi: Fink, M. J.; Haller, K. J.; West, R.; Michl, 
J. J. Am. Chem. Soc. lSU, lW, 822. 

indicating that the reactivity of 12 with nucleophiles may 
not be very high.2O 12 is ieolobd to the cyclopropenyl 
cation, C3H3+, but not to the cyclopropyl cation, CsHa+.18 

Electronic Structure of C P ( C O ) ~ M ~ ( ~ - C ( C ~ H ~ M ~ J -  
4))Pt(PH&+ ( 15).h Two different electron distributions 
are proposed in the cationic complexes with a CR bridge 
on a heterobmetallic templatees One has a metal carbon 
double bond, 7, where the charge is suggested to be 
localized on the ML, unit. The other has a metal-carbon 
triple bond where the charge is suggested to be localized 
on M'L, (8). In analogy to compounds of type 3: com- 
plexes of type 7 should be reactive toward a carbene to give 
an adduct (because of the M-C double bond). However, 
no report of such a reaction is available in literature. In- 
stead these compounds show exceptional reactivity toward 
the nucleophilea at the carbon center,& very much similar 
to compounds of type 1. To clearly understand the 
bonding and reactivity of these compounds, we studied 
Cp (CO) 2Mn (p-CH)P t (PH,) 2+ (1 6), a representative of 
compounds of type 7. The metallic fragmenta M n c ~ ( C 0 ) ~  
and Pt(PH3)2 in 16 are isolobal to CH2, and the compound 
is isolobal to the cyclopropyl cation (Scheme 11). 

R 
c +  

( c o 1 2 c p M S t ( P R ; ~ 2  

15 (R = C6H,Me-4; R' = H) 
16 (R = R' = H) 

Extanded HCickel calculations suggest that the electronic 
structure of compound 15 is very much similar to that of 
9 in the frontier range. Small differences appear due to 
the hetero nature of the metallic template. The LUMO 
is a purely carbon-based p orbital which has an anti- 
bonding interaction with the 6 orbital of the M-M axis, 
11. In Cp(C0)2Mn=CR+, only Mn-C u and inplane T 

orbitals are occupied. The out-of-plane u orbital between 
Mn and C is unoccupied. The interaction diagram between 
CP(CO)~M~&R+ and PtL2 is not reproduced because it 
gives no further clues other than the standard M-C and 
M-M bonding interactions. From the nature of the 
LUMO, the observed reactivity toward nucleophiles can 
be supported. Since no orbital corresponding to the 
out-of-plane Mn-C u bond is occupied, an Mn-C double 
bond should not be expected. The charge matrix shows 
that the carbon is positively charged. This indicates that 
structure 7 is not a correct representation of these 
compounds-instead structure 1 is best suited to represent 
these examples. The MO pattern of (CO)sW(p-CR)Pt- 
(PH3)2+ also is simiiar to that of 15. In Cp(CO)&h(p- 
C(C6HsMe-4))Pt(PMes)2+,bb a partial bridging interaction 
between one of the carbonyls on M n  and the metal Pt is 
reported.bb The overlap population between Pt and the 
C(0) close to it is positive (0.0241, indicating a very weak 
semibridging Pt-C interaction. 

Electronic Structure of Cp(C0)2W(j&H)Au(P&)+ 
(17). Cp(CO),W (p-C(C,H,Me-4)Au(PPH3)+ is an ex- 

(20) This ia in accordance with the experimental find-: Profmaor 
P. A. Chdoner, personal communication. 
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LUMI) 
- 8  .o 

Figure 3. Interaction diagram for the construction of molecular 
orbitals of Cp(CO),WGC-CH)Au(PHg)+ (17) from smaller frag- 
ments Cp(C0)2W*H and Au(PHS) . The occupied orbitals of 
Au(PH3) are very low in energy (the HOMO is at -14.28 eV). 

ample of compounds of type 8 for which two different 
representations, one with a partial Au-C single bond, 18, 

R .  R +  

NC :\ 
CP(COJ~W-AU(PR,), CpIC0J2W-AU(PR3J, 

18 19 

and the other in which the Au atom donates electrons to 
the W atom, with a regular Au-C bond, 19, are suggest- 
ed.'" The molecular orbitals of 17 are constructed from 
those of the fragments (C0)2CpW4H and Au(PH,)+ 
(Figure 3). The energies of the HOMO and LUMO of 
Au(PH3)+ are not close to the energies of the frontier or- 
bitals of Cp(CO)2WWH. The HOMO is very low in en- 
ergy and is not shown. The fragment (CO),CpWeH has 
a u and two a occupied orbitals along the W-C axis. The 
LUMO is a W-C a* orbital. The interaction diagram 
clearly shows that there is no significant interaction be- 
tween the two fragments. The in-plane a orbital of Cp- 
(C0)2WECH is only slightly stabilized because of ita in- 
teraction with the u (LUMO) orbital of fragment Au(PHJ. 
The in-plane W-C ?r* orbital is not affected because of the 
absence of the corresponding metal-based orbital on Au- 
(PH,). The large W-C-R angle (164') in 17 suggesta the 
absence of significant rehybridization at the carbon center 
in forming 17. The W-Au and Au-C overlap populations 
of 0.084 and 0.343 indicate some bonding interaction. The 
situation here is reminiscent of the bonding pattern in 
vinyl cations, C2H3+ (20).21 The Au-C overlap population 

H 

20 21 
of 0.343 is arising mostly from the MO shown in 21. Cp- 
(C0)2W is isolobal to CH, and Au(PH3) is isolobal to H. 
Hence, 17 is isolobal to the bridged vinyl cation 20. 
Compound 17 should not be considered as a part of the 
CH+-bridged bimetallic complexes, because the charge in 
this molecule is more concentrated on Au rather than the 
carbon. 

(21) (a) Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. 
v. R. J. Am. Chem. Sac. 1981,109,6649. (b) Jemmie, E. D.; Sanna, K. 
S.; Pavan Kumar, P. N. V. J. Mol. Struc. (THEOCHEM 1986,121,306. 

Scheme 111 

1 -11 .o 
eV 

1 
sa Y 

12.0. 

c1-c, - 
Figure 4. Walsh diagram showing the least motion pathway for 
the hydrocarbation reaction between Cp(C0)FegC-CO)Fe(CO)Cp+ 
(4a; C,) and ethylene (C, symmetry maintained). 

The above discussion suggesta that carbynyl cation 
bridged compounds which are isolobal to the cyclopropyl 
cation (C3H5+) have their LUMO on the p orbital of the 
bridging carbon. These compounds are reactive toward 
the nucleophilic attack at the carbon center. The carbynyl 
cation bridged compounds which are not isolobal to cy- 
clopropyl cation may not be reactive toward nucleophilic 
attack because of the absence of p orbital as the LUMO. 
Hence, [Fe(CO)Cpl2b-CO)(p-CH)', [Fe(C0)4]2b-CMe)+, 
[CO(CO)C~]~(~-CM~)+, Cp(CO)2Mnb-CR)Pt&+, (CO)6W- 
&-CR)Pt&+, etc. but not CpRhb-CR)b-CO)RhCp+, Cp- 
(CO)2WG-CR)AuL+, CpFe(r-CH)(p-NO)2FeCp+, etc. are 
expected to be electrophilic at the bridging carbon center. 

Hydrocarbation Reaction. Reaction of Cp(C0)Feb- 
CH)b-CO)Fe(CO)Cp+ (4) with ethylene gives Cp(C0)- 
Fe(p-CCH2CH3)b-CO)Fe(CO)Cp+ (5) (Scheme I).12 This 
reaction is found to be very general and takes place with 
every poeeible alkene. Cp(C0)Feb-CO)@-CEt)Fe(CO)Cp+ 
(6) does not react with alkenes. Hence, it was proposed 
that a C-H addition to ethylene is responsible for the 
reaction.I2 It can be expectad that the C-H bond cleavage 
can be possible only when ethylene (or alkene) donate ita 
a electrons to the C-H u* orbital of the CH+ bridge and 
when C-H u electrons are donated to the C-C a* orbital 
of ethylene. But the LUMO of 4 is only a carbon-based 
p orbital and there is no interaction between carbon and 
hydrogen in this orbital. To understand the electronic 
origin of the hydrocarbation reaction, calculations are 
performed on the reaction path. 

A least motion path for the hydrocarbation reaction 
where one carbon of the ethylene attacks the bridging 
carbon of cis-Cp(CO)Fe(r-CH)(r-CO)Fe(CO)Cp+ (48) is 
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CR+-Bridged Transition-Metal Complexes 

Scheme IV 

Organometallics, Vol. 11, No. 7, 1992 2533 

Y- .  SMe . 
Fe(CO)CpCp(CO) C/\CdCO)Cp 

t7 
c 
I>Fe 

@CY 
+e&- Fe %e Fe 4 Fe 

given in Scheme I11 (C, symmetry is maintained).22 Ex- 
tended Hiickel calculations are performed along the pro- 
posed reaction path to construct an orbital correlation 
diagram (Figure 4). The variation in the s u m  of the 
oneelectron energy shows a barrier of 1.9 eV. The reaction 
is formally allowed but Figure 4 shows strong avoided 
crossings involving the 2a', 4a', and 5a' orbitals. Detailed 
analysis shows that these avoided crossings are due to the 
donation of ethylene r electrons to the C-H u* orbital, as 
shown in Scheme IV, fmally leading to the formation of 
the Cl-Cz and Ca-H bonds and cleavage of the C,-H bond. 
The ethylene T orbital in 2a' goes up in energy due to the 
decrease in the r interaction. The 5a' orbital initially 
increases in energy due to the development of a C-H an- 
tibonding (#) interaction and later decreases due to the 
decrease in the C-H a* interaction as the distance between 
C and H increases. The 4a' orbital represents the transfer 
of C-H u electrons to the C-C r* orbital. The avoided 
crossing gives rise to the observed energy barrier (1.9 eV). 
EH calculations on the hydrocarbation reaction using 4 
(4 has trans Cp rings, with no symmetry in the reaction 
path) indicate a barrier of 2.0 eV. Thus, our calculations 
support the concerted reaction path proposed by Casey 
et al." 

A similar reaction is not possible when hydrogen is re- 
placed by an alkyl The LUMO in (C0)CpFe- 
(p-CO)(p-CCHS)Fe(CO)Cp+ (22) is also a carbon-based p 
orbital. However, it has a r* interaction with a pseudo 
p orbital of the CH3 group. As the ethylene approaches 
the carbynyl carbon, no C-Me u* interaction is observed 
in the frontier range. Hence, donation of r electrons from 
the ethylene to the C-Me 6 orbital of 22 is not possible, 
which denies the adduct formation necessary for the re- 
action of 22 with ethylene. 

From the above discussion, it is clear that alkenes can 
react at the carbynyl carbon only if the substituent on the 
carbynyl carbon is hydrogen. Compounds [Fe(CO),],(p- 
CHI+, [CP(CO)&]~G-CH)+, (CO),CpMn(p-CH)PtLz+, 
(CO)sW(p-CH)PtL2+, etc., which are isolobal to the cy- 
clopropyl cation, have electronic structurea similar to that 
of 4. They are expected to demonstrate hydrocarbation 
reactions. Since the hydrocarbation reaction is an inter- 
esting readion with potential catalytic use, the preparation 
of all the CH+-bridged compounds which are isolobal to 
the cyclopropyl cation should be attempted and teated for 
the hydrocarbation reaction. 

Carbyne Radical Bridges on Bimetallic Templates. 
Some radical species are identified with the help of ESR 
spectra in compounds where a carbyne group bridges two 

The well-characterized examples are [Cp- 
(CO)Felz(r-C0)(r-CSMe)' (23)23 and [Cp(CO)Co],(p- 
CMe)' (24).'* The Fe system, 23, is very close to 4 except 
for the replacement of H by SMe group and for the extra 

(22) Hydrocarbation reaction is reported with 4, which has a tram 
arrangement of the Cp rings with respect to the Fe-Fe axis. To maintain 
C, symmetry, 4a is chosen here (see Appendix). 

(23) (a) Schroeder, N. C.; Angelici, R. J. Am. Chem. Soe. 1986, 108, 
3688. (b) Aeturc, D. Angew. Chem., Znt. Ed. Engl. 1988,27,643. 

(24) Koenig, T. W.; Hay, B. P.; Finke, R. G. Polyhedron 1988,7,1499. 

b 
23 24 

electron. The electronic structure is very much similar to 
that of 4. The extra electron in 23 goes into the LUMO 
(i.e. 11). Since 11 is antibonding between the p orbital of 
carbon and the 6 orbital of the metallic template, no de- 
localization of this extra electron in the M-C-M r 
framework should be expected. The chemical reactivity 
of these radicals is not studied in detail. Reaction of 23 
with another radical ('Seph) gives a carbene-like bridging 
unit.23 This supports the idea that the odd electron in 23 
is localized on carbon only. Co(C0)Cp is isolobal to CH2. 
Thus, 24 is supposed to have an electronic structure similar 
to that of 23. Both 23 and 24 are isolobal to the cyclo- 
propyl radical. 

Conclusions 
The reactivity of the compounds of type 1 is controlled 

by their LUMO, Nucleophilic attack at the carbon center 
is triggered by the LUMO in those compounds which are 
isolobal to the cyclopropyl cation. Extended Hackel 
calculations on various compounds of type 1 suggest that 
the CR bridge in Cp(CO)Fe(p-CH)(p-CO)Fe(CO)Cp+, 
(CO),F~(P-CR)F~(CO)~+,  Cp(CO),Mn(p-CR)PtLz+, 
(CO),W(p-CR)PtL,+, etc., which are isolobal to the cy- 
clopropyl cation, is electrophelic. (C6Me5)Rh(p-CR)(p- 
CO)Rh(CsMe5)+, CpFe(p-CH)(p-N0)2FeCp+, and Cp- 
(CO),W(~-C~)AU(PR)~+ are not isolobal to the cyclopropyl 
cation and are not expected to be electrophilic at the 
carbynyl carbon center. The hydrocarbation reaction of 
(CO)CpFe&-CO)Fe(CO)Cp+ with ethylene adopts a pos- 
sible least motion pathway which allows the donation of 
ethylene a electrons to the C-H u* orbital. 17 is not a 
CR+-bridged compound. Compounds which have a me- 
thylidyne cation (CH+) bridge on binuclear transition 
metal complexes and which are isolobal to the cyclopropyl 
cation are expected to be very good reagents for the hy- 
drocarbation reaction. 
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Technology, New Delhi. 

Appendix 
The geometries adopted in the model calculations are 

based upon the known complexes wherever possible: 
Mn-Mn, 2.76 A; Mn-C, 2.01 A; C-H; 1.08 A; Fe-Fe, 2.50 

A; Rh-C, 1.92 A; Rh-C(O), 1.96 A. The Walsh diagram 
for the hydrocarbation reaction in Figure 4 is described 
by a least motion between the bridging CH of 4a and 
ethylene. The initial distance between C(H) of 4a and the 
carbon of ethylene doseat to it is 3.00 A The reaction path 
is defined as the decrement in this distance. Other nec- 
essary changes are made to get the final compound 5. C, 
symmetry is maintained. Distances in 16, are as follows: 
Pt-Mn, 2.63 A; Pt-C, 1.97 A; Mn-C, 1.83 A. Distances in 
17 are as follows: W-Au, 2.72 A; W-C, 1.81 A; Au-C, 2.21 
A. 
OM910470P 

A; F d ;  1.86 A; Ru-Ru, 2.62 A; Ru-C, 1.91 A; Rh-Rh, 2.51 
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